Carbon particulate matter constitutes an important portion of the atmospheric aerosol and directly participates in the formation of the Earth's radiation balance by influencing the global and regional climate. Continuous data (March, April, 2002) of 20-minute concentrations of airborne black carbon (BC) particles at the Preila Environmental Pollution Research Station (55
Introduction
Carbon particulate matter constitutes an important portion of the atmospheric aerosol and directly participates in the formation of the Earth's radiation balance by absorbing and / or scattering solar radiation and influencing the global and regional climate [1, 2] . Carbonaceous aerosols are the largest contributor to the fine particle burden in the atmosphere of urban and industrial regions [3] [4] [5] [6] . As turned out during recent years, the aerosol fine mode of pollutants is causing health problems due to their penetration into the human organism [7] . Carbonaceous particles are composed of two main fractions: organic carbon (OC) and black carbon (BC) (or elemental carbon (EC)). In the atmosphere, black carbon occurs as a mixture of graphitelike particles and light-absorbing organic matter. Major sources of BC are the burning of diesel fuel, coal, jet fuel, natural gas, and biomass. BC can be removed from the atmosphere by dry deposition and rainout of aerosol and has a lifetime in the atmosphere of the order of several days to a week or two, depending on meteorology [1] . It is known that BC plays an important role in atmospheric chemistry because of its catalytic properties. Furthermore, the surface of carbonaceous aerosol can be a site for the catalytic oxidation of sulphur dioxide to sulphate and for the destruction of ozone [8] . For example, over the sea at night the formation of new particles due to specific reactions, leading to the formation of organic compounds, is observed [9] . The organic film formed on the surface of black carbon aerosol diminishes hygroscopic possibilities and this outer monolayer minimizes its participation in atmospheric chemistry.
Particulate-phase pollutants emitted by motor vehicles (especially diesel vehicles) mostly consist of carbonaceous aerosol, with its two components -elemental carbon (also referred to as black carbon, sometimes also soot) and organic carbon (OC) [10] . The BC component does not consist of chunks of highly structured pure graphite, but rather is a more complex three-dimensional array of carbon with small amounts of other elements [11] .
Although concentrations of BC are determined permanently at many locations worldwide, the major measurements are carried out in urban areas [12] . These data are primarily important for emission strength measurements and air quality studies. However, more global effects of BC aerosols can be better estimated in rural and remote regions, especially at coastal sites where clean air masses arrive from oceans or seas [13, 14] . Therefore, the investigation of the relationship among the black carbon, aerosol mass concentration, and aerosol particles with different size number concentration in the air masses after long-range transport is important as well.
The main objectives of the study were: (i) to determine the difference between the BC concentration distribution in polluted (continental) and clean (marine) air masses at the background site; (ii) to investigate the BC concentration and aerosol size spectrum during new aerosol particle formation episodes; (iii) to estimate the distribution of the size of "fresh" black carbon aerosols of traffic exhausts in real time.
Experimental technique

Measurement site and technique
Continuous measurements of BC, sulphur dioxide (SO 2 ), nitrogen dioxide (NO 2 ), and ozone (O 3 ) were performed at the Preila background station, which is located in the western part of Lithuania on the coast of the Baltic Sea, on the Curonian Spit (55 • 20 N, 21 • 00 E, 5 m a. s. l.). The station is far from substantial local sources of airborne pollutants and can thus be characterized as a regionally representative background area of Lithuania [15] .
A Magee Scientific Company Aethalometer TM , Model AE40 Spectrum, manufactured by Optotek, Slovenia was deployed at the site and provided realtime, continuous measurement of BC mass concentration. The instrument was operated with a 20-minute time base round the clock with a flow rate of about 3 l min −1 . The aethalometer uses an optical source with different solid-state light emission diodes (LED). These sources are activated sequentially to illuminate the aerosol sample at seven discrete wavelengths during each time cycle. In this way, the optical attenuation at seven points across the spectrum from ultraviolet to near-infrared was determined. This approach is based on the fact that at these wavelengths no other species has such strong absorption, and the optical attenuation measurement can be reasonably interpreted in terms of black carbon mass [16, 17] . The rate of attenuation is proportional to the increase of optically absorbing material on the filter, which is proportional to the concentration of the absorbing BC in the sampled air flow. Black carbon has a broad absorption spectrum, which is inversely proportional to the wavelength of the incident light. The absorption of longer wavelengths of light dominates in black carbon which is associated with a graphitic form of carbon. Some other particulate carbonaceous species can also absorb shorter wavelengths of the incident light. The optical transmission of carbonaceous aerosol particles is measured sequentially at seven wavelengths (370, 450, 520, 590, 660, 880, and 950 nm). The concentration of black carbon corresponds to the 880 nm wavelength.
The aerosol particle counts were measured simultaneously with a LAS-15A optical particle counter (0.3-10 µm), and the aerosol particle number concentration and size distribution in the 10-200 nm size range were measured using the differential mobility particle sizer (ELAS-5Mc). Both devices have been designed in the Environmental Physics and Chemistry Laboratory of the Institute of Physics, Lithuania. More information can be found in [18] .
The O 3 concentration was measured continuously using the commercial UV absorption ozone analyzer O 3 41M, Environment S.A. The precision of measurements was 2 µg m −3 . The analyzer was calibrated against the standard reference UV photometer SRP17 at Czech Hydrometeorological Institute. More information about ozone concentration measurements at the station is presented in [19] . The hourly mean ozone data are used in this paper.
Sulphur dioxide was measured using the ion chromatography method with the lower limit of determination of 0.02 µgS m −3 and nitrogen dioxide by the spectrophotometry method with the lower limit of determination of 0.08 µgN m −3 . More detailed information concerning sampling and analytical methods is presented in [20] .
Principle of an optical absorption method
To determine the concentration ratios of black carbon and other admixtures, an optical absorption method using the aethalometer was applied [21] . The intensity decrease of the light beam having passed through the sample (collected on the fibre filter), which is linearly proportional to the black carbon amount on the filter, is measured.
The optical absorption (OA) is expressed as
where I 0 is the intensity of the light having passed through the part of the filter without depositions and I is the intensity of the light having passed through the part of the filter with depositions. The factor 100 is taken for the numerical convenience (the definition without this factor would mean the optical density transmission). By carrying out measurements in the white light using these units, we obtain hardly observable OA, the value of which is equal to 1 (the difference between "depositions" and "blank" is only 1%), while the OA value of 100 corresponds to the dark grey aerosol point. The measurement result depends on the light wavelength, at which the measured particle is expected to be smaller than the wavelength. The light absorption using the wide band absorber (e. g., graphite carbon) is inversely proportional to the used light wavelength. For the mass m of black carbon in a sample, the optical absorption at the fixed wavelength λ is calculated as follows:
where m is the black carbon mass, σ(1/λ) is the optical absorption cross-section depending on the wavelength λ. The latter is called a specific absorption. The specific absorption measured in m 2 /g is not the physical constant, but depends on the wavelength.
The optical intensity function of the measured matter depends on the wavelength. The intensity of the light having passed through the blank part of the filter is calculated as
where I L (λ) is the intensity of the light source emission, F (λ) is the optical transmission, C(λ) is the function of spectral transmission through all other components, and D(λ) is the detector spectral response function.
The total intensity of the light transmitted through aerosol deposition precipitate on the filter, using the same light source and detector, is
and absorption is expressed by equation
where m is the black carbon mass, the optical absorption of which is inversely proportional to the wavelength. k is coefficient of this proportionality, defined as the specific absorption. The logarithmic ratio of I to I 0 (Eq. (4)), expressing the optical absorption, is proportional to the absorbing black carbon mass, when the wavelength depends on the optical components and the detector being weighted by the 1/λ function.
Thus, we can state that the linear dependence on the absorbing material mass is characteristic of the particular optical absorption. This assumption is valid under the following conditions:
• particles are significantly smaller than the wavelength parameter 2πλ;
• the absorbing material amount in the sample is insufficiently large to cause saturation;
• the aerosol particle insertion into a deep, optically scattered fibre matrix must eliminate reduction of any optical transmission in the filter by optically scanning particles and makes measurements sensitive only to absorption.
These conditions are satisfied when the sample of environment aerosol particles is collected from quartz fibre filters, and the optical absorption is limited to 150 and less. The proportionality coefficient is a specific absorber (OA/m). From Eq. (4) we obtain
Results and discussions
Diurnal variation of BC concentration
The aethalometer was in a continuous operation from 4 March to 29 April 2002. The total number of 20-minute sample periods was about 4000. Approximately 73% of BC concentrations were found in the range of a low value mode centred at ∼0-1000 ng m −3 . The remaining measurements were in a high-concentration mode at ∼1000-3000 ng m −3 , probably indicating a direct impact of emissions from combustion activities. After certain grouping and averaging, daily variations in the diurnal pattern smoothen out giving the average diurnal picture (Fig. 1) . Figure 1 shows the diurnal variation of black carbon aerosol and ozone concentrations over Preila. As expected, in March BC and O 3 concentrations were lower than in April. The average black carbon concentration during March-April were 720 and 960 ng m −3 , respectively.
Average hourly variations in BC concentrations in March showed a large peak during morning hours from 8 to 11 a.m., the lower peaks were observed from 4 to 7 p.m. and from 10 p.m. to 12 a.m. High values of black carbon concentration in the morning evidently could be interpreted as the effect of vertical mixing processes after breakup of the nighttime stable layer as well as the advection of air masses from urban regions where traffic exhausts in the morning and evening increased. Relatively low values of the BC concentration in the afternoon were attributed to the dispersion of aerosols due to the increase in the boundary layer height. Analysis of the BC diurnal concentration variation in April showed the opposite situation when the lowest BC concentrations were observed from 6 to 8 p.m. The diurnal variation was not as pronounced as in March. It can be related to the background site location. There is a gradual reduction of BC from 1 to 7 p.m. and a sharp peak occurs between 9 p.m. and 12 a.m. This could be caused by the transport of air mass from distant urban areas. Ozone concentrations varied from 58 to 84 µg m −3 and started increasing gradually after sunrise, reaching the maximum value in the evening and decreasing gradually thereafter. The analysis of data shows a statistically significant negative correlation between the ozone and black carbon diurnal variation indicating ozone depletion by surface reactions on BC particles. The negative correlation ranged from −0.30 to −0.55.
Depending on the reaction mechanisms and reaction probabilities, soot may significantly influence the tropospheric trace gas chemistry by its surface reactions. If an ozone molecule collides with the active site on the surface of a carbon sample, one of its oxygen atoms gets adsorbed, while the resultant oxygen molecule is liberated. The adsorbed oxygen atom can then combine with another adsorbed oxygen atom to form molecular oxygen. This catalytic reaction causes dramatic ozone depletion in the atmosphere [22] .
Weekly patterns of BC concentration
To investigate the BC concentration distribution on the weekdays, concentrations of nine Mondays, eight Tuesdays, eight Wednesdays, eight Thursdays, eight Fridays, eight Saturdays, and eight Sundays were averaged. Figure 2 illustrates the day-of-week distribution of the data for each weekday lined up in order. As can be seen, the daily mean BC concentration decreases gradually from Tuesday to Friday with a little increase on Saturday and Sunday, and on Monday an increase begins. BC concentrations during the weekend (Friday, Saturday, and Sunday) decrease due to reduced human activities compared to working days. Daily variations of BC concentrations were found to be in the range of 1460-2710 ng m −3 over the study area (Fig. 2) . The lowest concentrations in the 95th percentile occurred on Saturday (1460 ng m −3 ), following the rise in the concentration from Sunday to Tuesday.
A significant reduction in BC values observed during weekends compared to weekdays may be explained by considering the transport time of aerosols from urban areas. The lower concentration on Monday than on Tuesday can represent lower BC emissions on Sunday in the pollution source regions. The higher BC concentrations observed on Tuesday to Friday can be attributed to the decreased traffic intensity and lower industry activity on weekends.
Courses of BC and trace gas concentration
The daily variations of mean concentrations of black carbon, atmospheric gases NO 2 , SO 2 , and O 3 during the investigation period are shown in Fig. 3 . BC concentration variation indicates similar courses of NO 2 and SO 2 . Data analysis showed that courses of sulphur dioxide concentration and nitrogen dioxide concentration are poorly correlated. It has been found that the correlation between black carbon and SO 2 as well as with NO 2 is positive with a correlation coefficient R = 0.44 and R = 0.43, respectively (samples number n = 116). The daily March and April ozone mean values ranged from 17.5 to 98.0 µg m −3 and 14.0 to 93.0 µg m −3 , respectively. The data clearly show the daily variation in ozone concentration with a minimum at around 7 a.m. in the morning and a maximum at 2 p.m. in the afternoon. According to the mean hourly values, the ozone concentration was lower in the morning at 7-9 a.m., and in the evening after 10 p.m. The slope between black carbon aerosols and tropospheric ozone has been estimated to be −0.1 and −0.5, implying that every 1 µg m −3 increase in black carbon aerosol mass concentration causes a reduction by 0.1 and 0.5 µg m −3 of surface ozone in March and April, respectively (Fig. 3) . This reduction can be partly due to the aggregate structure of soot particles, which provide a large specific surface area for heterogeneous interactions with reactive trace gases such as ozone [22] .
BC concentrations in different air masses
Fine-size and chemically inert BC particles can be transported over long distances [9, 11] . Thus, significant BC concentrations could be observed over larger distances downwind of the potential source regions. To investigate the influence of the air mass having passed over regions situated about 200-300 km from the Preila site on the BC mass concentration, each BC sample was categorized by air mass 24-hour backward trajectories. Figure 4 shows the trajectory frequency distribution by the transport direction of air masses reaching the Preila site during the study. Air mass backward trajectories at heights of 20, 500, 1000 m above ground level for each day were constructed by the atmospheric model Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT), version 4 [23] . Trajectories were generated according to the Preila site coordinates at angles 
0-360
• on maps and divided into 9 sectors corresponding to 8 directions measured clockwise with respect to north (N, NW, W, SW, S, SE, E, NE) and one class with unclear origin (UNC). The analysis of air masses transport direction distribution shows that the northeast (11%), west (11%), and south-west direction (7%) during the study period prevailed. A large number of cases (12%) was assigned to UNC direction (Fig. 4) . Air mass backward trajectories have been analysed to study a possible transport of BC from different regions to Preila. BC concentration in various air masses over that period varied from the average minimum value of approximately 140 ng m −3 to the maximum value of 2410 ng m −3 (Fig. 5) . Based on this trajectory analysis, air masses were categorized into three classes, i. e., marine, continental, and mixed (both continental and marine). The daily mean BC concentrations at the Preila site during the arrival of different air masses are presented in Fig. 5 . The period of March to April was generally under the influence of a continental air mass, while the air mass from the sea seldom occurred. The highest average concentration was observed in continental air masses (S, E, SE) and the lowest one in marine or mixed -marine and continental (N, NW, W) air masses. Air masses from neighbouring regions of Poland or sometimes those from far away places in Germany, Czech Republic might have transported continental air masses from these regions to Preila with significant average concentrations of carbonaceous particulate matter (2.72 µg m −3 ) [24] . Moreover, during this period, sometimes westerly air masses carrying marine air masses mixed with continental ones were passing nearby or across some coastal regions of Norway, Sweden, or Finland, and thus brought the continental air mixed with the marine air. The average BC concentration during this period was approximately 390 and 750 ng m −3 in mixed (N) and continental (NE) air masses, respectively. Whereas during the period when only marine air masses from the Baltic Sea were transported, the average BC concentration was about 220 ng m −3 . During the experiment, the total average BC concentration value from the southern directions was 2410 ng m −3 , whereas the total average mean BC concentration value in air mass arriving from NW was 140 ng m −3 .
Slightly higher concentrations of NO 2 were related to W and NE directions and those of SO 2 with NE and SW direction (Fig. 6) . Measured concentration values of these components have distinctly shown the origin of air masses that arrived at the Preila site (marine or continental).
Particle size distribution and BC
A wide range of concentration values of various pollutants in the atmosphere are related to the geographical location, emission source, and meteorological conditions. During the analysed period, on some days the episodes of the BC concentration increase and decrease were observed and were chosen for analysis in more detail because these episodes could be related not only to advection of the BC aerosol but to new particle formation processes as well.
Along with the BC concentration measurements, concentrations and the size distribution of aerosol particles were measured with the spectrometer ELAS-5Mc. Due to instrumentation limitation, the smallest detected size was 10 nm. The aerosol size distribution was plotted as contour plots for each day (as a function of time) of two months (March-April). Those events were analysed for the possible nucleation events, as described by Kulmala et al. [25] . For each day event, the growth rate was calculated graphically from the contour plots ("banana-plots"). The Preila events are characterized by a quite clear "banana" shape. An example of such plot, together with the number concentrations of each mode, which has been a nucleation event day with the growth rate of about 3.7 nm h −1 , is shown in Fig. 7 . The growth rate was calculated by a special MATLAB program [26] . Figure 7 (a-c) shows the time evolution of aerosol particle size distribution and modal aerosol and BC concentrations during the event of 9 March 2002. There is a clear decrease of nucleation mode particles at a lower end of the detection limit (10 nm) due to coagulation with larger particles (Fig. 7(b), 1-3 p.m.) . During the coagulation stage, the growth rate of particles increases from 3 to 5 nm h −1 , being the main reason why the concentration of accumulation mode particles increased. The hourly data of carbonaceous aerosol particle concentration showed strong UV absorption at 370 nm, which could be related to the association of soot with organics ( Fig. 7(c) ). The hydroscopic possibilities and the speed of water vapour absorption by the nucleation mode particles increase. During this event, new particles evidently were formed due to specific reactions, which occur over the sea at night, involving organic compounds [9] . It may be supposed that primary BC is emitted to the atmosphere as hydrophobic particles, eventually becoming hydrophilic by oxidation or after coating by soluble aerosols such as sulphate and organics [27] . Consequently, at wavelengths of 370 nm, certain kinds of organic compounds start to show strong UV absorption [28] . During the formation of a new aerosol particle event, a sharp rise of the mass concentration of carbonaceous particles was evidently caused by the advection of polluted air masses to the study site (Fig. 7(c) ).
BC in different environment
The comparison of carbonaceous aerosol particles detected directly at the highway with particles of this pollutant observed at a background site may provide information on the atmospheric fate of the traffic exhausts. Atmospheric dilution or particle aging could be observed. For this purpose, several measurement series have been carried out. Real-time black carbon concentrations were measured with an aethalometer, while particle counts were simultaneously performed with the LAS-15A (0.3-10 µm) optical particle counter at the Preila site. The average diurnal cycle of the BC aerosol and different aerosol size number concentration at the Preila site on 7 March 2002 are shown in Figs. 8 and 9. As shown in Fig. 9 , diurnal variation of 0.3, 0.32, and 0.35 µm size aerosol in Preila during the experiment showed a prominently sharp nocturnal peak at around 0-5 a.m., while 1.3, 1.5, and 2.0 µm size aerosol showed the peak in the morning between 8 a.m. and 12 p.m. In the morning, after the sunrise, the nocturnal boundary layer breaks lifting up the fine particles. This gives a sharp peak in the morning. Then, the concentrations continued decreasing gradually due to increased convective activity and the minimum value was reached in the afternoon. A comparison of diurnal course of the aerosol size number concentration with BC aerosol particle concentration shows that the largest contributor to the fine particle mass in the atmosphere at background site has been carbon particulate matter. Moreover, during the study period all seven species of carbonaceous particles were found with a robust light absorbing organic material in aerosol (Fig. 8) .
Some aerosol samples were collected in order to determine the BC concentration in the freshly emitted traffic exhausts. The experiment was carried out at the Vilnius-Klaipėda highway on March 2, 2002. The measurement data of the traffic exhausts of BC concentration are presented in Fig. 10 . Data show that the carbonaceous aerosol particle concentration rapidly changes over time and absorption spectra depend on wavelengths. During the soot particle formation, aggregates can be produced by the collision of primary particles, which are formed by the reactive surface growth of volatile species generated during combustion [28] . It was found that soot particles in the fresh exhausts dominated in the size range of 0.1-1 µm.
The highest concentration of freshly exhausted aerosol containing a particular organic compound at the wavelength of 370 nm was about 4300 ng m −3 , while the concentration of BC at the wavelength of 880 nm was about 3400 ng m −3 . The experimental data showed that the contribution of concentrations of different species of carbonaceous particles in background aerosols during long transport in the atmosphere was approximately equal, and BC dominated in the composition of all species. Data of the emission from "fresh" traffic exhausts showed that concentrations of various species of carbonaceous aerosols for some time were different (Fig. 10) .
Conclusions
The concentration of black carbon aerosol observed in Preila is dependent on the history of air masses transported over the site. Highest concentrations of black carbon were observed in continental air masses (southern transport directions), and the lowest ones in marine air masses (northern transport direction).
The relationship of black carbon with chemical species (SO 2 , NO 2 , O 3 ) was investigated, and it was found that the correlation between black carbon, SO 2 , and NO 2 was positive, with a correlation coefficient of 0.44 and 0.43, respectively, and that for O 3 was negative, with a correlation coefficient from −0.30 to −0.55.
The size distribution of the "fresh" black carbon aerosols shows that the majority of all soot types occur in the smallest size fraction range. 
